Electro -total internal reflection ellipsometry has been reported as a phase sensitive ellipsometry technique to observe the redox reactions on the surface of the electrode. In this work, with the imaging ellipsometry, we have used Electro-total internal reflection imaging ellipsometry (Electro-TIRIE) to measure the dissolved oxygen concentration on the surface tethered weak polyelectrolyte brush, carboxylated poly(oligo(ethylene glycol) methacrylate-random-2-hydroxyethylmethacrylate), modified electrode. The cyclic voltammetry has shown despite the covering of the weak polyelectrolyte brush, the electrode could still reduce the dissolved oxygen and Electro-TIRIE technique could unveil the different swelling behavior of the brushes during the reduction. The difference may be attributed to the electro-active probe permeability of the brushes. With the imaging ellipsometry, we proposed a parallel dissolved oxygen measurement. Compared with our previous results, the optical signal noise ratio has been enhanced 10 times and the measurement time has reduced from 30 minutes to 10 minutes. © 2016 The Electrochemical Society. [DOI: 10.1149/2.0331605jes] All rights reserved.
Total internal reflection ellipsometry (TIRE) technique has been proposed as a powerful tool to study the redox reactions on the surface of the electrode for its high interface sensitivity in the ellipsometry phase shift, . 1 The high interface sensitivity of TIRE arises from its using evanescent wave as the detection probe. 2, 3 By combining the imaging techonology, total internal reflection imaging ellipsometry (TIRIE) has been developed. 4 Besides the high interface sensitivity, the imaging ellipsometry approach makes TIRIE useful for multi-sample detection for various bioprocesses. 5, 6 For example, we take TIRIE as the biosensor to detect cluster of differentiation 146 (CD146), a cell adhesion molecule used as a marker for endothelial cell lineage, quantitatively. 7 By introducing low noise imaging device 8 and optimizing the incident angle, the polarization of the light beam and the thickness of the introduced thin gold layer, 9 we use TIRIE biosensor to investigate the behavior of giant lipid vesicles (GUVs) interacting with an adhesive surface coated with poly-l-lysine. 10 The dissolved oxygen measurement is of great importance in various areas, such as physical, chemical and environmental applications. [11] [12] [13] [14] [15] [16] Our previous work has demonstrated that Electro-TIRE can be used to monitor the dissolved oxygen concentration on Clark electrode. 1 However, the optical signal noise ratio (OSNR) is barely about 30, which is insufficient for the dissolved oxygen sensing for practical applications. A second problem is that it is timeconsuming to determine the dissolved oxygen concentration of a sample: at least 30 minutes. However, applications require relatively fast oxygen concentration measurement. [17] [18] [19] In this paper, to increase OSNR, a surface tethered weak polyelectrolyte brush (STWPB), carboxylated poly(oligo(ethylene glycol) methacrylate-random-2-hydroxyethylmethacrylate) (poly(OEGMA-r-HEMA)), has been introduced on the TIRIE sensing chip. Poly(OEGMA-r-HEMA) is reported sensitive to local pH change in the aqueous medium. With the imaging ellipsometry, a parallel dissolved oxygen measurement has been proposed to reduce the measurement time.
Experimental
Principle and STWPB preparation.-When we apply a polarized potential to the electrode, the dissolved oxygen is reduced on the z E-mail: gajin@imech.ac.cn electrode surface as follows: 20 Cathodic reaction:
Because of the hydroxyl ions generated by the reduction of the dissolved oxygen, local pH of the electrolyte increases in the neighborhood of the cathode electrode.
Governed by the electrostatic interactions and the osmotic pressure, 21, 22 carboxylated poly(OEGMA-r-HEMA) is reported sensitive to pH and ionic strength of the medium. 23 Under a given [Na + ](<15 mM), its swelling behavior mainly depends on pH of the electrolyte, varying from pH 2 to 7.4:
24 with the increase of pH, COOH groups in the structure dissociate as COO − groups. Thus, the polyelectrolyte brush stretches because of the electrostatic interactions among COO − groups. On the other hand, local pH of the electrolyte in the neighborhood of the electrode would be modulated owing to the hydroxyl ions generated by the dissolved oxygen reduction. As is reported in Ref. 25 , the process is determined by the diffusion of hydroxyl ions in the structure of the weak polyelectrolyte. In general, the principle is shown as Fig. 1 .
Three different thickness brushes were prepared as previously described:
24,26 4 nm, 8 nm and 16 nm. Briefly, TIRIE chips (SF10 glass slides covered with a 2-nm-thick Cr adhesive under-layer and a 50-nm-thick gold film) were first modified with initiator thiol and diluent thiol via a self-assembled monolayer (SAM) technique. After the modification, surface initiated polymerization (SIP) was initiated by immersing the SAM modified chips to a reaction solution. By controlling the SIP time, the polymer thickness varied. Finally, the polyelectrolyte surfaces were generate by substituting carboxyl groups for hydroxyl groups of poly(OEGMA-r-HEMA).
Chemicals.-PBS buffer (pH 7.4) is purchased from SigmaAldrich, hydrochloric acid (HCl) of 37% concentration from Beijing Chemical Works. All the compounds used in this work are in analytical grade without further purification. Ultrapure water is obtained from a MILLI-Q purification system (18.2 M at room temperature) and used to prepare all the solutions.
To detect swelling behavior of carboxylated poly(OEGMA-r-HEMA) from the dissolved oxygen reduction, the diluted PBS with [Na + ] = 1.5 mM is used as the electrolyte, pH of which is adjusted to Instrumentation.-SENTECH SE400 multiple angle laser ellipsometer has been used to verify the dry thickness of carboxylated poly(OEGMA-r-HEMA) modified TIRIE chip. The wavelength of the light beam is 632.8 nm and the angle of incidence is fixed at 70
• . Figure 2a illustrates the system setup, Electro-TIRIE, used for all experiments described in this paper. The electrochemical experiments are performed using a VersaSTAT 3 electrochemical system (Princeton, U.S.A). A SF10 trapezoidal prism is used with a Xe lamp as the light source and a high-speed CCD camera as the detector. After passing through an aperture, the 632.8 nm light beam is expanded by a collimating system. By passing a polarizer and a compensator, the polarized collimated beam is obtained, which propagates perpendicularly to the prism and onto the sensing surface. When the incident angle is optimized as 57
• , larger than the critical angle, the evanescent wave appears sharply at the sensing surface to detect the interaction in very shallow depth from the surface (around 100 nm). The reflected light carrying the surface information is then imaged by a CCD camera after passing an analyzer. The system works under the null and off-null mode, which almost fulfills the null condition on the sensing surface when no redox reactions occur and detects the optical thickness change of carboxylated poly(OEGMA-r-HEMA) under the off-null condition when the dissolved oxygen is reduced. Combined with an external electrochemical working station, this configuration allows for simultaneously TIRIE detection of the optical variation on the sensing surfaces of both detection units and the electrochemical measurement. During the measurement, the optical variation of the sensing surface caused by the dissolved oxygen reduction is recorded by TIRIE in grayscale as in Fig. 3b .
Since the imaging ellipsometry enjoys high throughput, as shown in Figs. 2b and 3a, a parallel detection cell is designed. The cell has two independent detection units. For each unit, a Ag/AgCl electrode serves as the reference and a Ag electrode as the counter. A 50 nm Au/Cr/SF10 glass slide with the brush is the sensing surfaces and cathodes of both units. During the parallel detection for the dissolved oxygen measurement, one unit works as the reference cell. A sample with the given dissolved oxygen concentration is measured in this unit, while the sample with unknown concentration is measured in the other unit. By comparing the signals of the both units, the dissolved concentration of a sample can be determined in a relatively short time.
Results and Discussion
Dissolved oxygen reduction on the STWPB modified electrode.-Before all the electrochemical experiments, the dry thicknesses of carboxylated poly(OEGMA-r-HEMA) have been calculated from the ellipsometric parameters of the chip in Table I . For many organic films, the refractive index is around 1.3 ∼ 1.6. 27 In our situation, we set it as 1.4 which is suitable for most organic monolayers. Then, we have measured the maximum TIRIE signal change caused by the brush swelling. Two electrolytes have been used with pH 1 when carboxylated poly(OEGMA-r-HEMA) remains unstretched and pH 7.4 during which the polyelectrolyte reaches its maximum length. 24 With the increase of the brush thickness, carboxylated poly(OEGMA-r-HEMA) stretches owing to more dissociation of COOH groups in the structure. Thus, as is demonstrated in Fig. 4 , the maximum TIRIE signal increases: 6 ± 0.68 grayscale for 4 nm polyelectrolyte, 22 ± 1.23 grayscale for 8 nm and 36 ± 1.88 grayscale for 16 nm, which gives the largest optical signal change.
On the other hand, STWPB covered on the electrode could block the transfer of the electrons, which would make the dissolved oxygen reduction less efficiency. 28 To estimate the efficiency of the dissolved reduction on the weak polyelectrolyte modified electrode, cyclic voltammetry (CV) has been performed to study the swelling behavior of carboxylated poly(OEGMA-r-HEMA). The dissolved oxygen saturated electrolyte is used with pH 1 and the scan rate is 50 mV/s. The distance between the sensing surface and the dissolved oxygen permeable membrane is adjusted to 8 mm.
The reduction of the dissolved oxygen is a diffusion-limited reaction. The hydroxyl ion diffusion coefficient is D = 5.273 × 10 −9 m 2 /s. 29 The diffusion distance for 1 second can be estimated by (2Dt) 1/2 ≈ 10 −4 m. Under the semi-infinite boundary condition, the hydroxyl ion concentration change can be estimated by
where j is the current density obtained by CV, N is the number of electrons transfered during the oxygen reduction and F is the Farady constant. Fig. 5c is the calculated hydroxyl ion concentrations vs. potential based on Eq. 1. As is expected, the thicker STWPB generates less OH − , because the polyelectrolyte blocks the diffusion of the dissolved oxygen.
The optical signals of the three STWPBes have been recorded synchronously in Fig. 5b . In fact, besides the swelling behavior of the weak polyelectrolyte brushes, another two factors from the potential modulation of the electrode will also contribute to the optical signals: the complex refractive index change of the gold and the electric double layer variation. 30 The influences of the both factors will be discussed in detail later.
During the sweep from 0 V to −0.6 V, the significant optical increases for all the brushes start at −0.52 V for 16 nm, −0.44 V for 8 nm and −0.38 V for 4 nm (denoted as A, B and C in Fig. 5b) . Compared with Fig. 5c , at these potentials, the generated hydroxyl ions for all the brushes are the same, around 11 μmol/L. It indicates Figure 2 . (a) Schematic illustration of Electro-TIRIE system and (b) the parallel detection cell. The cell has two independent detection units. Each unit consists two compartments separated by the oxygen permeable membrane: one for the electrolyte, the other for the sample solution. In the electrolyte compartment, the weak polyelectrolyte modified gold film works as the sensing surface for TIRIE and the working electrode of the reaction cell. In the sample compartment, the sample with different oxygen concentrations is delivered into the cell. a pH threshold for the electrolyte, which is consistent with, Ref.
24 above which, the polyelectrolyte films begin to swell. However, when the potential decreases from −0.55 V to −0.6 V, the optical signals of 4 nm and 8 nm brushes drop a little while that of the 16 nm one is constantly increasing. This might be because under the circumstances, the complex refractive index change of the gold and the electric double layer variation of the electrolyte play an important role in the optical signal when the polyelectrolyte brushes are stretched to a certain extent. Actually, these two factors decrease the optical signal change caused by the brush swelling. For example, compared with the maximum TIRIE signal change, 6 grayscales, in Fig. 4 when no potential is applied to the surface, the maximum optical signal change for 4 nm brush is only 4 grayscales during the sweep. On the other hand, when the potential sweeps from −0.6 V to 0 V, although all the brushes have returned to their initial thicknesses in Figure 4 . The thickness of carboxylated poly(OEGMA-r-HEMA) vs. the maximum TIRIE signal change caused by pH modulation. the end, the optical signals suggest the transformations of the brushes do not to follow their original swelling paths and the thicknesses of the brushes influence the "shrinking" process. For example, at the potential of −0.48 V, the 4 nm brush during the "shrinking" process is thiner than itself during the "swelling" process while the 16 nm brush is thicker and the 8 nm brush is the same at the potential for The dissociation of COOH groups starts from the bottom of the brush is because the dissolved oxygen should be reduced at the electrode surface rather than the top of the brush. Thus, the hydroxyl ion concentration will decrease from the gold surface into the aqueous phase gradually, which makes the bottom of the brush tend to stretch. both processes. In fact, for the 8 nm brush, the "shrinking" process can be divided into two stages: from −0.6 V to −0.48 V, the brush is thiner than itself during the "swelling" process and from −0.48 V to 0 V, the brush is thicker. The phenomenon might be attributed to the permeability of protons in the structure. As is pointed out by Ref. 28 , STWPB enjoys two states: swollen states allowing good electroactive probe permeability and the collapsed states, which hesitates the electron transfer. When STWPB stretches, the swollen states occupy the structure. The protons in the electrolyte are easy to diffuse into the structure. Otherwise, the collapsed states take up the STWPB. The diffusion is difficult. For a 4 nm polyelectrolyte, since the film is almost fully stretched, the structure is mainly COO − groups, comparatively loose with COOH. Thus, the protons in the electrolyte easily diffuse into the brush, which causes the association of COOH are more favorable. For a 16 nm film, the top of the polyelectrolyte are occupied by the collapsed COOH groups. It is difficult for the protons in the electrolyte to diffuse into the structure. Therefore, the association of COOH groups are gentle, which makes the brush "thicker" in shrinking process than itself in swelling process. For a 8 nm brush, the structure makes the permeability of the protons intermediate. The whole process of carboxylated poly(OEGMA-r-HEMA) with different thicknesses is illustrated as Fig. 6 .
Dissolved oxygen measurement and parallel detection.-To detect the dissolved oxygen concentration in the sample, both 8 nm and 16 nm STWPB modified electrodes have been used to measure the dissolved oxygen saturated sample under −0.6 V vs. Ag/AgCl in Figs. 7a and 7b . During the measurement, the oxygen permeable membrane is adjusted to about 1 mm. As is discussed in our previous work, 1 for Clark electrode configuration, when the dissolved oxygen reduction reaches the steady state, the generated hydroxyl ion concentration is constant. It implies that the pH of the electrolyte at the sensing surface is also a steady state. Thus, the dissociation of the polyelectrolyte is stable.The synchronous variations of the current and the TIRIE signal indicate the carboxylated poly(OEGMA-r-HEMA) modified electrodes can be used to measure the dissolved oxygen. By comparing the signal variations of the both brushes (17 grayscale optical signal variation and 0.6 μA current change for 8 nm brush and 20 grayscale optical signal variation and 0.1 μA current change for 16 nm), 8 nm STWPB has been chosen for the measurement. Compared with our previous work on bare gold, 1 the optical signal is amplified by around 10 times while the current variation is decreased about 10 times. Since the noise of the given TIRIE system was around 0.05 grayscale, the OSNR was around 360, about 10 times larger than the previous result. Owing to the introduction of the reference unit, the measurement for one sample reduced from 30 minutes to 10 minutes.
By introducing 8 nm carboxylated poly(OEGMA-r-HEMA) on the electrode surface, as shown in Fig. 7c , not only the current change is proportional to the oxygen concentration in the sample (y = 0.0807x +0.0227, R 2 = 0.9937), but the TIRIE signal variation (y = 2.0442x + 0.0227, R 2 = 0.998). The results have demonstrated that by introducing STWPB on the sensing surface and the imaging technology, the system can be used as a quick dissolved oxygen probe.
Since the dissolved oxygen measurement is fundamental for biochemical oxygen demand (BOD) measurement, we have reported using the STWPB modified electrode to monitor BOD in real sample. 31 Compared with the conventional BOD measurement method, the deviation of both optical and electrical signals are less than 10%.
Conclusions
Electro-TIRIE system has been used to observe the dissolved oxygen concentration on the carboxylated poly(OEGMA-r-HEMA) modified electrode. The CV has shown that the dissolved oxygen still could be reduced on 4 nm, 8 nm and 16 nm carboxylated poly(OEGMA-r-HEMA) modified TIRIE chip. Further, Electro-TIRIE technique unveils that in spite of the similar CV curves, the swelling behavior of the brushes of the different thicknesses could follow quite varied paths during the reduction process. The variation may lie in the difference of the electroactive probe permeability of the polyelectrolyte brush. With the imaging ellipsometry, we have used 8 nm carboxylated poly(OEGMA-r-HEMA) modified electrode to measure dissolved oxygen concentration. Compared with our previous results, the OSNR has been enhance 10 times and the measurement time has reduced from 30 minutes to 10 minutes. 
